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We report a robust process for fabrication of surface-gated Si/SiGe quantum dots (QDs) with an integrated
superconducting single-electron transistor (S-SET) charge sensor. A combination of a deep mesa etch and
AlOx backfill is used to reduce gate leakage. After the leakage current is suppressed, Coulomb oscillations of
the QD and the current-voltage characteristics of the S-SET are observed at a temperature of 0.3 K. Coupling
of the S-SET to the QD is confirmed by using the S-SET to perform sensing of the QD charge state.
I. INTRODUCTION
Si/SiGe quantum dots (QDs) are promising candidates
for quantum computing due to the intrinsically weak
spin-orbit interaction in Si, and the existence of the
nuclear-spin-free isotope 28Si. It is therefore expected
that T1 and T2 spin relaxation times are longer than those
in GaAs.1 Electron-spin resonance has been used to mea-
sure these relaxation times. T2 for ensembles of phospho-
rus donors in Si have been measured to be ∼ 14 ms using
conventional microwave measurements,2 and 100 µs using
electrical spin trap readout.3 Phenomena such as lifetime-
enhanced transport in a Si/SiGe QD have also suggested
a long spin relaxation time for individual spins.4 Recent
single shot electrical measurements have found T1 to be
∼6 seconds at a field of 1.5 T for phosphorus donors in
Si,5 and ∼3 seconds at 1.85 T in Si/SiGe QDs.6
There are several reasons for using an S-SET for charge
readout in favor of the most common charge sensing
scheme, namely a quantum point contact (QPC) in the
vicinity of the QD.7–10 First, the carriers in a QPC are
normal electrons and are intrinsically dissipative. In
Si/SiGe devices, there is also a typical resistance of a
few tens of kiloohms due to the ohmic contacts. An Al
SET is superconducting, and shows no dissipation except
for that required by the charge sensing process. Further-
more, a QPC is coupled to a dot laterally, whereas the
island of the Al SET can be directly on top of the QD.
The vertical coupling takes advantage of the large dielec-
tric constants of Si-based materials. Finally, the radio-
frequency single-electron transistor (RF-SET),11 which
has already been used in GaAs based QDs,12 has recently
been shown to have a combination of high sensitivity (on
the order of 10−6e/
√
Hz) and low backaction needed to
approach the quantum limit for charge detection.13–15
In order to reliably achieve charge sensing, it is nec-
essary to have a high yield of successful devices. In this
paper we introduce a fabrication technique we have devel-
oped to produce coupled QD/S-SET systems with higher
than 90% yield, and demonstrate the DC measurement
of such a system.
II. FABRICATION
Fabrication techniques for Si/SiGe quantum devices
have developed radically during recent years. Early
devices used etching to define dot potentials and side
gates.16 Later, Pd Schottky surface gates were adopted
to allow more flexible tuning of the QD. Leakage from
these gates was suppressed by minimizing the active area
of the gate leads and using a deep etch,17 by fabricating
gates with gold sputtering,18 or by growing the Si/SiGe
heterostructures using molecular beam epitaxy (MBE).19
Due to the complexity of a coupled SET and gated semi-
conductor QD device, a high yield of successful devices
is critical. Both the Pd dot leads and the Al SET leads
need to be leak-free, placing more strict than usual re-
quirements on the surface gates. The fabrication process
we have developed to resolve these issues is relatively
simple and highly reliable, and could be of use in other
applications of Si/SiGe devices requiring extremely high
yields.
The Si/SiGe heterostructure is grown using chemical
vapor deposition (CVD). First, a step-graded virtual sub-
strate is grown on Si (001) that was miscut 2 degrees
towards (010). A 1 µm thick Si0.7Ge0.3 buffer layer is
deposited next, followed by an 18 nm Si well where the
two-dimensional electron gas (2DEG) is located. A 22
nm intrinsic layer, a 1 nm doped layer (∼ 10−19 cm−3
phosphorous), a second intrinsic alloy layer of ∼ 50 to 76
nm, and last a 9 nm Si cap layer are grown subsequently.
In order to reduce the leakage current, we use a
CF4/O2 plasma in a reactive ion etcher (RIE) to remove
the majority of the surface, leaving only the mesa where
the QD is formed and the ohmic-contact leads. We then
immediately back-fill the etched area with AlOx in an
electron beam (e-beam) evaporator before resist removal,
as illustrated by Fig. 1a. The etch depth is typically 50
nm beyond the estimated depth of the 2DEG. After an
additional patterning step, layered AlOx/Ti/Pd is de-
posited to form the Schottky gates in the e-beam evapo-
rator. Before gate evaporation we return the sample to
the RIE and use CF4 (without O2) to remove the native
oxide. Neither the sample surface nor the AlOx backfill
is damaged with this dry etch.
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2The QD and the SET are patterned with e-beam
lithography. Fig. 1b shows a scanning electron micro-
graph (SEM) of a completed QD/S-SET device on a
mesa. The dot gates are labeled in the figure. An ad-
ditional gate helps form a QPC near the QD for back-
up charge sensing. The central island of the SET is ex-
tended above the QD. After the removal of oxide with
CF4, Pd is deposited directly on the mesa to form the
dot gates, which are extensions of the photolithographic
Pd gates. After QD fabrication is complete, the Al SET
and its leads are patterned in a single step and are fab-
ricated with shadow evaporation20 in a thermal evapo-
rator. Oxygen is introduced and the chamber is kept at
25 mTorr for 2 minutes after the first layer of metal is
deposited, creating a thin layer of oxide serving as the
tunnel barrier. Before the Al evaporation, any e-beam
resist residue is removed by O2 plasma etching. The ma-
jority of the Pd gate and SET lead area is located on
the oxide. However, the microscopic surface gates used
to form the QD and the SET are fabricated directly on
the bare Si/SiGe heterostructure.
III. MEASUREMENT AND RESULTS
Samples are cooled to a base temperature of 0.3 K
in an Oxford Heliox 3He refrigerator. Copper/stainless
steel powder filters in the cryostat and pi-type filters
at room temperature are used to reduce high-frequency
noise. The device under measurement is biased by a dc
voltage, sometimes with a small additional ac signal. The
conductance of the QD is measured with standard lock-in
techniques, and the dc I-V characteristics are measured
for the SET. Homemade low-noise current and voltage
amplifiers are used to amplify the signal.
To detect the leakage, voltage is applied on each gate
and any resulting current through an ohmic contact is
measured. Our gate fabrication techniques significantly
suppress leakage currents. The Pd gates show no signs of
leakage within the sensitivity of our measurement (∼pA)
up to an applied voltage of −3 to −5 V (Fig. 2a). With-
out the oxide, leakage currents can become significant
before the QPCs can pinch off, preventing the formation
of a stable QD in some cases. The back filling of the
mesa etch is critical not only for the Pd dot gates but
also for the Al SET. In some samples the surface of the
oxide is below the mesa (Fig. 2b). Subsequently the Al
leads to the SET are in contact with the mesa edge. In
this case, the SET shows no signs of a high-impedance
subgap region (Fig. 2c). We conclude that the high gap
currents are a result of the leakage current at the inter-
face of Al and the edge of the mesa (Fig. 2b). Appar-
ently, the tolerance for leakage of an SET is significantly
smaller than that of Pd Schottky gates. To circumvent
this problem, we completely seal the edge of the mesa
with oxide (Fig. 2d). In samples fabricated following this
procedure, the leakage is further reduced and the super-
conducting gap of ∼1.5 mV is clearly visible in the S-SET
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FIG. 1. (Color online) (a) Sequence of fabrication steps used
to reduce leakage. From top to bottom: etching, oxide depo-
sition, Pd leads deposition. (b) Scanning electron micrograph
of a QD/S-SET device, showing the QD Schottky gates and
S-SET fabricated by electron beam lithography.
I-V characteristics(Fig. 2e).
Once the leakage is eliminated, QDs can readily be
formed. Fig. 3a shows the Coulomb blockade stability
plot of the differential conductance of a QD in a sample
without an Al SET. The voltages applied on gates R and
M (see Fig. 1b) are −0.6 V and −1.2 V, respectively. The
bias voltage VSD is swept between −1.5 to 2.0 mV and
the voltage Vg of gate T is varied between −0.85 to −0.6
V. A small DC offset in VSD is present. Coulomb block-
ade occurs in the diamond-shaped regions, with possible
Kondo effect near Vg = −0.75 V, similar to previous re-
ports both in GaAs/AlGaAs21 and Si/SiGe QDs22. It is
estimated from the figure that the gate capacitance Cg
is approximately 6 aF and total capacitance CΣ is ap-
proximately 46 aF, corresponding to a charging energy
of e2/CΣ ≈ 1.7 meV for the largest diamond (between
Vg = −0.81 and −0.84 V), suggesting that the number
of electrons confined in the dot is very small (less than
∼10). It also demonstrates that the Si/SiGe sample has
good charge stability.
Finally, we have also fabricated devices consisting of
a QD with an integrated S-SET as in Fig. 1b. When
performing charge sensing, the SET is voltage biased in
the subgap region, where it is most sensitive (V = −0.38
mV in this case, Fig. 3b inset). A small change of the
island potential will result in rapid variation of the cur-
rent through the SET. A dot is formed (see Fig. 1b) with
gates T, M, L and U, and gate L is swept. In the voltage
range where the dot is well defined, a local minimum of
the SET current corresponds to a peak in the QD con-
ductance as in Fig. 3b. The change of the SET current
due to the QD charge state is about 50 pA.
In conclusion, we have demonstrated that a combina-
tion of deep etching and an AlOx backfill can effectively
reduce the leakage current in Si/SiGe heterostructures.
An S-SET can be successfully coupled to a Si/SiGe QD,
providing the fundamentals for fast real-time charge sens-
ing of an QD with an RF-SET.
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FIG. 2. (a) Leakage current vs. gate voltage for a device fab-
ricated using low-leakage Schottky gates. All the gates remain
leak-free up to −3 V. (b) Schematic of the mesa edge, showing
the mesa (dark), the oxide (white), and Al leads (grey). The
mesa edge is highlighted with red. (c) I-V curve of an SET,
for a mesa that was not completely sealed. (d) Schematic of
the mesa edge, which is sealed with a thicker oxide layer. (e)
I-V curve of another SET, for a mesa completely sealed with
oxide.
-0.85
-0.80
-0.75
-0.70
-0.65
-0.60
V g
 
(V
)
2.01.51.00.50.0-0.5-1.0-1.5
VSD (mV)
20
15
10
5
0
G
 (µS)
40
30
20
10
G
do
t (µ
S)
-1.18 -1.17 -1.16 -1.15 -1.14 -1.13
Vg (V)
-5.25
-5.20
-5.15
-5.10
-5.05
ISET 
 (nA)
 Gdot
 ISET
-20
-10
0
10
20
I (
nA
)
-400 -200 0 200 400
V (µV)
(a)
(b)
FIG. 3. (a) Differential conductance in a QD vs. bias and
gate voltages showing multiple Coulomb diamonds. (b) Si-
multaneous measurement of SET current and QD conduc-
tance demonstrating sensing of the QD charge state.
ACKNOWLEDGMENTS
Fabrication and measurement of samples was sup-
ported at Dartmouth and UW-Madison by the NSA, LPS
and ARO under agreement no. W911-NF-08-1-0482 and
at Dartmouth by the NSF under grant number DMR-
0804488. Maintenance of the CVD growth facility at
UW-Madison has been supported by DOE under Grant
No. DE-FG02-03ER46028. Other facilities support at
UW-Madison from NSF/MRSEC, Grant No. DMR-
0520527 is acknowledged. We thank M. Bal, J. Stet-
tenheim and C. B. Simmons for support and discussion.
1C. Tahan, M. Friesen, and R. Joynt, Phys. Rev. B 66, 035314
(2002).
2A. M. Tyryshkin, S. A. Lyon, A. V. Astashkin, and A. M. Rait-
simring, Phys. Rev. B 68, 193207 (2003).
3G. W. Morley, D. R. McCamey, H. A. Seipel, L. C. Brunel, J. van
Tol, and C. Boehme, Phys. Rev. Lett. 101, 207602 (2008).
4N. Shaji, C. B. Simmons, M. Thalakulam, L. J. Klein, H. Qin,
H. Luo, D. E. Savage, M. G. Lagally, A. J. Rimberg, R. Joynt,
M. Friesen, R. H. Blick, S. N. Coppersmith, and M. A. Eriksson,
Nat. Phys. 4, 540 (2008).
5A. Morello, J. J. Pla, F. A. Zwanenburg, K. W. Chan, K. Y.
Tan, H. Huebl, M. Mttnen, C. D. Nugroho, C. Yang, J. A. van
Donkelaar, A. D. C. Alves, D. N. Jamieson, C. C. Escott, L. C. L.
Hollenberg, R. G. Clark, and A. S. Dzurak, Nature 467, 687
(2010).
6C. B. Simmons, J. R. Prance, B. J. van Bael, T. S. Koh, Z. Shi,
D. E. Savage, M. G. Lagally, R. Joynt, M. Friesen, S. N. Copper-
smith, and M. A. Eriksson, (2010), arXiv:1010.5828v1 [cond-
mat.mes-hall].
7M. Field, C. G. Smith, M. Pepper, D. A. Ritchie, J. E. F. Frost,
G. A. C. Jones, and D. G. Hasko, Phys. Rev. Lett. 70, 1311
(1993).
8J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby,
M. D. Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard,
Science 309, 2180 (2005).
9C. B. Simmons, M. Thalakulam, B. M. Rosemeyer, B. J. van
Bael, E. K. Sackmann, D. E. Savage, M. G. Lagally, R. Joynt,
M. Friesen, S. N. Coppersmith, and M. A. Eriksson, Nano Lett.
9, 3234 (2009).
10E. P. Nordberg, G. A. T. Eyck, H. L. Stalford, R. P. Muller,
R. W. Young, K. Eng, L. A. Tracy, K. D. Childs, J. R. Wendt,
R. K. Grubbs, J. Stevens, M. P. Lilly, M. A. Eriksson, and M. S.
Carroll, Phys. Rev. B 80, 115331 (2009).
11R. J. Schoelkopf, P. Wahlgren, A. A. Kozhevnikov, P. Delsing,
and D. E. Prober, Science 280, 1238 (1998).
12W. Lu, Z. Ji, L. Pfeiffer, K. W. West, and A. J. Rimberg, Nature
423, 422 (2003).
13H. Brenning, S. Kafanov, T. Duty, S. Kubatkin, and P. Delsing,
J. Appl. Phys. 100, 114321 (2006).
14W. W. Xue, B. Davis, F. Pan, J. Stettenheim, T. J. Gilheart,
A. J. Rimberg, and Z. Ji, Appl. Phys. Lett. 91, 093511 (2007).
15W. W. Xue, Z. Ji, F. Pan, J. Stettenheim, M. P. Blencowe, and
A. J. Rimberg, Nat. Phys. 5, 660 (2009).
16L. J. Klein, K. A. Slinker, J. L. Truitt, S. Goswami, K. L. M.
Lewis, S. N. Coppersmith, D. W. van der Weide, M. Friesen,
R. H. Blick, D. E. Savage, M. G. Lagally, C. Tahan, R. Joynt,
M. A. Eriksson, J. O. Chu, J. A. Ott, and P. M. Mooney, Appl.
Phys. Lett. 84, 4047 (2004).
17K. A. Slinker, K. L. M. Lewis, C. C. Haselby, S. Goswami, L. J.
Klein, J. O. Chu, S. N. Coppersmith, R. Joynt, R. H. Blick,
M. Friesen, and M. A. Eriksson, New J. Phys. 7, 246 (2005).
18G. D. Scott, M. Xiao, H. W. Jiang, E. T. Croke, and
E. Yablonovitch, Appl. Phys. Lett. 90, 032110 (2007).
19T. Berer, D. Pachinger, G. Pillwein, M. Mu¨hlberger, H. Lichten-
4berger, G. Brunthaler, and F. Scha¨ffler, Appl. Phys. Lett. 88,
162112 (2006).
20T. A. Fulton and G. J. Dolan, Phys. Rev. Lett. 59, 109 (1987).
21D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch-
Magder, U. Meirav, and M. A. Kastner, Nature 391, 156 (1998).
22L. J. Klein, D. E. Savage, and M. A. Eriksson, Appl. Phys. Lett
90, 033103 (2007).
